Four eukaryotic-type protein serine/threonine kinases from Streptomyces coelicolor A3(2) were cloned and sequenced. To explore evolutionary relationships between these and other protein kinases, the distribution of protein serine/threonine kinase genes in prokaryotes was examined with the TFASTA program. Genes of this type were detected in only a few species of prokaryotes and their distribution was uneven ; Streptomyces, Mycobacterium , Synechocystis and Myxococcus each contained more than three such genes. Homology analyses by GAP and Rdf2 programs suggested that some kinases from one species were closely related, whilst others were only remotely related. This was confirmed by examining phylogenetic trees constructed by the neighbour-joining and other methods. For each species, analysis of the coding regions indicated that the GMC content of protein kinase genes was similar to that of other genes. Considered with the fact that in phylogenetic trees the amino acid sequences of STPK from Aquifex aeolicus and some other eukaryotic-type protein kinases in prokaryotes form a cluster with protein kinases from eukaryotes, this suggests that the eukaryotic-type protein kinases were present originally in both prokaryotes and eukaryotes, but that most of these genes have been lost during the evolutionary process in prokaryotes because they are not needed. This conclusion is supported by the observation that the prokaryotes retaining several of these kinases undergo complicated morphological and/or biochemical differentiation.
INTRODUCTION
Protein phosphorylation is one of the most important regulatory mechanisms in the signal transduction systems of eukaryotes as well as prokaryotes. However, the main phosphorylation sites in prokaryotes are on histidine and aspartic acid residues (Parkinson & Kofoid, 1992) , whereas in eukaryotes they are on serine, threonine and\or tyrosine (Hunter & Cooper, 1985 ; Hanks et al., 1988) . Numerous eukaryotic protein kinase genes have been cloned. Although these kinases are classified into several groups on the basis of their amino acid sequences, a series of 11 subdomains (I-XI) have Abbreviations : cAMPPK, cAMP-dependent protein kinase ; CaMPK, calmodulin-dependent protein kinase ; S6-2PK, S6-2 protein kinase.
The GenBank accession numbers for the sequences determined in this work are AB016932, AB018799, AB019394 and AB021679.
been conserved (http :\\www.sdsc.edu\kinases\). Recently, eukaryotic-type protein kinases have been detected in a small number of prokaryotes, including Streptomyces (Matsumoto et al., 1994 ; Urabe & Ogawara, 1995 ; Hirakata et al., 1998) , Myxococcus (Munoz-Dorado et al., 1991 ; Zhang et al., 1992) and Mycobacterium (Fsihi et al., 1996 ; Cole et al., 1998) . Since complete nucleotide sequences of the chromosomal DNA of over 10 bacterial species have now been determined (Doolittle, 1998) , it would be interesting to know whether these contain eukaryotic-type protein kinases, and if so, how such kinases are distributed. This paper describes the distribution of eukaryotic-type protein kinases in prokaryotes and analyses evolutionary relationships among these kinases in prokaryotes and eukaryotes. It also reports the nucleotide sequences of four newly isolated protein kinase genes from Streptomyces coelicolor A3(2).
Bacterial strains, plasmids and growth conditions. Escherichia coli K-12 JM109 was used as a host for pBluescript II SK(j) and its derivatives. E. coli and pUC119 were purchased from Takara Shuzo. E. coli was cultivated in 2iYT medium (Sambrook et al., 1989) . S. coelicolor A3(2) M145 was used as a DNA donor. It was cultured in liquid YEME medium (Hopwood et al., 1985) .
DNA manipulations. Preparation of plasmid DNA and in vitro DNA manipulations were carried out as described by Sam- (1989) . Enzymes for DNA manipulations were obtained from Takara Shuzo. Nucleotide sequence determination. Nucleotide sequences were determined by the method of Sanger et al. (1977) (Pearson & Lipman, 1988) . The protein kinases investigated in this paper are listed in Table 2 , which includes some protein kinases other than those detected by the above procedure.
Homology analyses.  (Needleman & Wunch, 1970 ; Lipman & Pearson, 1985) and Rdf2 (Pearson & Lipman, 1988) were used to compare pairs of proteins.  (Pearson & Lipman, 1988) was used for comparisons of more than three proteins.
Phylogenetic trees. Phylogenetic trees were constructed mainly by a neighbour-joining method (  ; Thompson et al., 1994) .  (a maximum-likelihood method ; Adachi & Hasegawa, 1992) ,  (a maximumparsimony method ; Felsenstein, 1995) and  (a neighbourjoining method ; Ina, 1991) were also used.
RESULTS

Nucleotide sequences
In a previous paper, we reported the cloning of seven DNA fragments containing putative protein serine\ threonine kinase genes from S. coelicolor A3(2) (Hirakata et al., 1998) . The nucleotide sequences of four of them, pkaD, pkaE, pkaF and pkaG, were determined in this work and are available in DDBJ\GenBank\EMBL, accession numbers AB016932, AB018799, AB019394 and AB021679, respectively. Preceding the translation start sites of these genes, Shine-Dalgarno-like sequences were detected (GCGGGG, AGGGCG, ACGCGG and GG-GAGG, respectively). Each of the kinases contained the 11 protein serine\threonine kinase subdomains I-XI predicted for eukaryotic-type enzymes. Kinase PkaD, corresponding to Sch5 in the previous paper, consisted of 598 amino acids ; PkaE, corresponding to Sch1, consisted of 487 amino acids ; PkaF, corresponding to Sch3, consisted of 667 amino acids ; and PkaG, corresponding to Sch4, consisted of 592 amino acids. At least two of these enzymes, PkaE and PkaG, were shown to have protein serine\threonine and\or tyrosine kinase activity (unpublished data).
Distribution of eukaryotic-type protein kinases in bacteria
Investigation of the protein kinase sequences in the complete nucleotide and\or amino acid sequences of 16 bacterial genomes determined at the present time detected the eukaryotic-type enzyme in only a few species ; however, in some species, there were more than three protein kinases present (Tables 1 and 2) . Among the proteobacteria, YjbH (accession no. U00096) in E. coli is reported to have a protein kinase ATP-binding signature. However, none of the subdomains of protein kinases could be detected, so we conclude that there is Myxococcus xanthus, a Gram-negative soil bacterium, has more than five protein kinases (Zhang et al., 1996) , and among Gram-positive bacteria, Bacillus subtilis has two (YloP and YbdM), whilst Mycoplasma genitalium and Mycoplasma pneumoniae each have one (MG109 and ORF389, respectively). However, within the high GjC group of Gram-positive bacteria, Mycobacterium tuberculosis and S. coelicolor A3(2) each have more than five eukaryotic-type protein kinases. Mycobacterium leprae is also reported to have more than three kinases (Fsihi et al., 1996) ; Chlamydia trachomatis has two (Pkn5 and PknD), whereas spirochaetes (Borrelia burg- PkaB  0n82972  PkaG  1n39321  1n60986  AfsK  1n38722  1n66052  0n72440  PkaE  1n23367  1n24283  1n31829  1n45375  PkaF  1n21327  1n30989  1n44339  1n56899  1n19901  PkaD  1n43179  1n56128  1n51208  1n60317  1n53002  1n46337  Pks3  1n43914  1n51712  1n83070  1n73382  1n39806  1n54905  1n4363 1998 (Cole et al., 1998) . On the other hand, HPO432, SLL0776 and PHCJ009 gave high scores for homology with several kinases : HPO432 with PknK, CTPknD and PH009 ; SLL0776 with PkaD, AfsK, PknE, CTPknD, SLR1225, SLR1443, SLR1697 and SLR0152 ; and PHCJ009 with PkaE, YloP, PknH, PknL, CTPkn5 and CTPknD (Table  3) . Interestingly, in  analyses, STPK from Aquifex aeolicus showed higher homology scores with protein kinases from eukaryotes such as a serine\threonine kinase of Caenorhabditis elegans (par-1, accession no. U40858), human protein p78 (accession no. M80359) and a serine\threonine kinase of Rattus norvegicus (accession no. Z83868) than with protein kinases from prokaryotes. par-1, human protein p78 and the serine\ threonine kinase of Rattus norvegicus showed 31n51 % identity in a 238 amino acid overlap (Smith-Waterman score of 412), 30n83 % identity in a 240 amino acid overlap (Smith-Waterman score of 392) and 29n83 % identity in a 238 amino acid overlap (Smith-Waterman score of 388) with STPK, respectively. The protein with the highest score in prokaryotes was SLR0152 of Synechocystis sp., but it showed 30n83 % identity in a 240 amino acid overlap (Smith-Waterman score of 363) and ranked only 35th in similarity scores. Consistent with this, STPK forms a cluster with eukaryotic protein kinases such as cAMPPK, S6-2PK and CaMPK in the phylogenetic tree. This cluster includes some other eukaryotic-type protein kinases from various species of prokaryotes, as described below.
Phylogenetic trees Fig. 1 shows a phylogenetic tree constructed on the basis of 41 amino acid sequences of the conserved subdomains I-XI (excluding PknM) by using a neighbour-joining method (the   program). Generally, protein kinases from the same species cluster in the phylogenetic tree, but this is not true of all them. For example, PkaA, PkaB, PkaE, PkaG and AfsK from S. coelicolor form a branch, but PkaD and Pks3 from the same species belong to different branches. Similarly, YbdM and YloP from Bacillus and CTPknD and CTPkn5 from Chlamydia trachomatis are located in different branches.
Comparable results were obtained in phylogenetic trees constructed with other programs, including  (a maximum-likelihood method) in the  package,  (a neighbour-joining method) in the  package and  (a maximum-parsimony method) in the  package (data not shown). As described above, STPK from Aquifex aeolicus, PknG from Mycobacterium tuberculosis and HPO432 from Helicobacter pylori were closely related to CaMPK, which is of eukaryotic origin. MG109 and ORF389 from Mycoplasma form a single branch, although they come from different species. The close relationship between MG109 and ORF389 is confirmed by the high value obtained from an Rdf2 analysis (Table 3 ). Fig. 2 shows a phylogenetic tree of protein kinases from S. coelicolor A3(2). Although these kinases come from the same species, they are only distantly related. They show long distances after branching, indicating that they are now related only remotely having separated early and evolved independently of each other. This situation was confirmed by Rdf2 analysis (Table 3) and examination with the  program using the Dayhoff PAM model (Table 4) . Similar relationships were observed in the kinases from Mycobacterium and those from cyanobacteria. Phylogenetic trees constructed by other programs supported the conclusion reached above (data not shown). Table 5 shows the mean GjC content of the genes analysed to date in various species (obtained from http :\\www.dna.affrc.go.jp\) and those of the coding region of the protein kinases. It indicates that almost all the protein kinase genes showed GjC contents similar to those of other genes in the same species. In addition, the GjC contents in the first, second and third bases of codons of STPK are 47n15, 28n23 and 55n31 %, respectively. These values are closer to the mean values of all the genes analysed so far in Aquifex aeolicus than to those in the genes in eukaryotes such as Saccharomyces cerevisiae and Homo sapiens. The mean values in Aquifex aeolicus are 50n44, 32n37 and 47n93 %, respectively. Similar relationships were observed for other protein kinases. Furthermore, the GjC content in the third letter of codons in the protein kinase genes from S. coelicolor was over 90 %, whilst the mean value of the genes analysed in the present work in Streptomyces is 92n82 %. These results indicate that codon usage for these kinases follows that of other proteins in each species.
Codon usage
DISCUSSION
The nucleotide sequences of four newly isolated putative eukaryotic-type protein serine\threonine kinase genes from S. coelicolor A3(2) were determined. All of them contained 11 conserved subdomains, and at least two of them showed protein serine\threonine and\or tyrosine kinase activity (unpublished data). Although the number of amino acids in these and the other kinases from S. coelicolor differed appreciably (from 417 to 799), the number of amino acids in the subdomains was limited to 233 (PkaG and AfsK) to 249 (PkaA). On this basis, at least eight eukaryotic-type protein kinases were detected in S. coelicolor A3(2). We were interested in determining whether these protein kinases are distributed ubiquitously in bacteria and archaea, and if so, what evolutionary relationship exists between those in prokaryotes and eukaryotes. Our search showed that the eukaryotic-type protein kinases have a restricted distribution in prokaryotes. On the other hand, almost all of the prokaryotes analysed here have histidine kinase genes. There are 30, 4, 4, 36, 14, 4, 3, 4, 32, 15, 24 Table 2 , three from Myxococcus xanthus and five from S. coelicolor have protein serine\threonine and\or tyrosine kinase activity and engage in morphological and\or biochemical differentiation (Matsumoto et al., 1994 ; Zhang et al., 1996 ; Udo et al., 1997 ; H. Ogawara & H. Urabe, unpublished data) . Thus, we speculate that the eukaryotic-type protein kinases have been preserved only in these specific species during the course of evolution.
The phylogenetic tree ( Fig. 1) constructed by comparing the amino acid sequences of consensus regions shows that the protein kinases from one species do form clusters as suggested by Zhang (1996) , but not always. CTPknD and CTPkn5 from Chlamydia trachomatis belong to different branches and the protein kinases from Mycobacterium tuberculosis scatter divergently in the tree. Similar situations were observed for protein kinases from other bacteria, such as YbdM and YloP from Bacillus subtilis and those from Synechocystis. Furthermore, the substitution frequencies are very high after branching. This is more clearly shown in the tree constructed on the basis of amino acid sequences of protein kinases from a single species, S. coelicolor (Fig.  2) ; Rdf2 and  analyses confirmed the high substitution frequencies within species (Tables 3 and 4) . We suggest, therefore, that these eukaryotic-type protein kinases from prokaryotes are only remotely related to each other, even if they come from a single species. However, critical amino acid residues involved in the kinase reaction are almost always conserved.
The GjC contents of the genes of the protein kinases resemble the mean values of the genes from the same species, indicating that codon usage is retained. The only exceptions are Pks3 from S. coelicolor and SLL0776 from Synechocystis. The reason for the discrepancy is not yet clear. These genes might come from other species by horizontal transfer. In both cases, it is the third letter that differs most : the GjC contents of the first, second and third letters in Pks3 and SLL0776 are 68n67, 50n62 and 76n46 ; and 51n29, 40n41 and 27n13, respectively. The mean GjC contents are 71n75, 50n45 and 92n82 in Streptomyces and 56n08, 39n92 and 49n98 in Synochocystis, respectively. These results strongly suggest that the eukaryotic-type protein kinases were already present before the branching of eukaryotes from prokaryotes and that these kinases disappeared in some prokaryotes because the enzymes were unnecessary. The alternative explanation, that the kinases were acquired in prokaryotes after the divergence of prokaryotes from eukaryotes, is less plausible, although a few kinases might be the result of horizontal transfer.
